Recombination of phage T4 can be stimulated more than sixfold above the spontaneous level by treatment with nitrous acid, indicating that the lesions induced by this agent are strongly recombinogenic. Two temperature sensitive mutants defective in exonuclease functions showed less than the wild-type spontaneous level of recombination even after nitrous acid treatment and a ligase mutant showed a highly elevated frequency of recombination after treatment. Since these same mutants have analogous effects on spontaneous recombination, the results imply that nitrous acid-induced lesions in DNA stimulate a recombinational repair process similar in some of its enzymic steps to spontaneous recombination.
A number of different agents have been shown to stimulate recombination in phage T 4. These are u.v. light (Streisinger & Franklin, I956; Epstein, I958) , N-methyl-N'-nitro-N- nitrosoguanidine (Schneider et al. I978) , ethyl methanesulphonate (Johns et al. I978) , z2p decay (Symonds & Ritchie, I96I) , X-rays (Harm, I958) and 9-aminoacridine (Mattson, I97O). Although each of these agents alters DNA structure, the mechanisms underlying their stimulatory effects are largely unknown. In this report it is shown that nitrous acid stimulates recombination in phage T4. Further, two mutations which inhibit spontaneous (unstimulated) recombination strongly inhibit nitrous acid-stimulated recombination, while a mutation that increases spontaneous recombination also greatly increases stimulated recombination. This correlation implies that nitrous acid-stimulated recombination is likely to occur by a mechanism similar to spontaneous recombination.
The r I I A markers r7I and rEDI44 were used in all crosses. The following temperature sensitive alleles were also used: tsLio9(gene 46), tsL86(gene 47) and tsBzo(gene 3o). In each of the three experiments described, a cross of the type ts r71 x ts rEDt44 was carried out in parallel with a control cross of the type ts + r7I x ts + rEDI44, where 'ts' represents one of the temperature sensitive mutant alleles listed above, and 'is +' represents the absence of any ts mutation. All crosses were carried out in E. coli CR63 at 37 °C, a semi-restrictive temperature for the ts mutants, to determine the effects of the ts alleles on recombination between the r markers. Wild-type (r +) recombinants were measured using E. coIi K594(A) indicator bacteria on plates incubated at 25 °C and total progeny were measured on E. coli CR63 at 25 °C.
High titre stocks (> z × IO 11 phage/ml) of each of the single mutants and double mutants were prepared by differential centrifugation. The medium used for suspending the phage (suspension medium) consisted of o"oi9 M-NH4CI, 0.022 M-KH~PO4 and 0.042 M-Na2HPO4 at a pH of 6.8. The stocks were treated with nitrous acid by adding I.O ml of the phage suspension to 4"o ml ofo.I M-sodium acetate buffer plus o'45 ml of I-O M-NaNO2. Treatment of phage was stopped by diluting the sample tenfold into suspension medium. Inactivation of the phage followed single-hit kinetics with one lethal hit corresponding to 2.2+o. increasing periods of time, were added to samples of an E. coli suspension at I to 2 x lO 8 cells/ml. In preparing the E. coli suspension, cells were grown to log phase, centrifuged in the cold, resuspended in suspension medium and starved for 3o min in suspension medium. Subsequent to mixing the phage and bacteria, the crosses were carried out as described previously (Fisher & Bernstein, ~97o) . Experiments were considered valid only if they met the following criteria. The input ratio of the two parental phage genotypes fell between ½ and 3, the adsorption of phage to bacteria was greater than 95% and the m.o.i, was between 5 and 25 phage per bacterium. At least two sets of experiments which conformed to the established criteria were performed for each allele tested. The results of repeated sets of crosses were qualitatively similar. Fig. r (a, b and c) show the results of representative experiments.
In Fig. I (a, b and c) , the results from the r7I × rEDl44 control crosses are represented by filled circles. It can be seen in each of these cases that recombination increases with increasing dose of HNO2 from about 1.5% at zero dose to 8-6 to m % at 8 to I2 min of treatment. In the presence of the gene 46 allele tsL~o 9 (Fig. ~ a) or the gene 47 allele tsL86 (Fig. ~b) , the initial levels of recombination are o.J2 and o'oi7 ~ respectively, and the final levels are o-2 and o'74 ~, respectively. This suggests that in the ts+ crosses, the added nitrous acid-induced recombination depends on the expression of wild-type gene 46 and 47 functions. These genes have been shown to control an exonuclease activity (Prashad & Hosoda, I972) necessary for spontaneous recombination (Bernstein, I968; Berger et al 1969; Hosoda, 1976) . The requirement for these functions in spontaneous recombination is evident in Fig. I (a and b) in the zero time treatment points. In the presence of the gene 3o ligase allele tsB2o, recombination increases from a zero dose level of 7 to 33 to 4z ~o after 6 to IZ min of treatment. The final level is approximately the maximum recombination ordinarily found in crosses between distant markers in phage T4. The tsBzo allele raises spontaneous recombination of untreated phage, as shown by the zero dose point in Fig. I(c) and as reported previously (Bernstein, I968) . When ligase is partially defective, nicks in the DNA backbone probably remain open longer than usual and thus promote excess recombination. In DNA containing nitrous acid-induced lesions, additional nicks are probably introduced during repair. Table I shows the burst sizes and recombination percentages for the experiments illustrated in Fig. I (a, b and c) . The crosses, in general, show a decreasing burst size with increasing nitrous acid treatment, which presumably reflects increasing numbers of unrepaired lethal lesions among the progeny of the crosses. The gene 46 mutant tsLIo9 and the gene 47 mutant tsL86 show low burst sizes declining from 8.z to z.6 and 6.6 to 0"3 respectively, with increasing treatment. These low mutant burst sizes reflect the fact that the crosses were carried out at 37 °C, a semi-restrictive temperature for these alleles, in order to maximize expression of the mutant phenotype. Unadsorbed phage were measured in each case and their frequency was negligible in most cases, but could have contributed as much as 20% of the progeny when burst size was most reduced.
The percentage increase in recombination in a ts + background with increasing dose of nitrous acid can be compared to the number of lethal hits induced by this treatment. Averaging the data shown in Fig. I (a, b, and c) and using the value of 2.2 + o.2 lethal hits per minute, we find that nitrous acid induces an average increase of I4O % in recombination per lethal hit over the course of treatment. Comparable increases per lethal hit from the literature for other recombinogenic treatments have been calculated. These are 15 % for azp decay (Symonds & Ritchie, I96I) , 22% for X-rays (Harm, I958) , 4~% for ethyl methanesulphonate (Johns et al. I978) , 43 ~o for u.v. light (Epstein, I958 ) and 66o % for N-methyl-N'-nitro-N-nitrosoguanidine (Schneider et al. (1978) ). Since nitrous acid has the second highest value of the six agents tested it can be regarded as a relatively strong recombinogenic agent.
The nature of the nitrous acid-induced lesions which stimulate recombination is unknown. However, oxidative deamination of guanine, adenine or hydroxymethylcytosine and crosslinking of the complementary DNA strands are known to be lesions introduced by nitrous acid treatment (Vielmetter & Schuster, 196o; Becker et al. 1964) . One or more of these may
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be the lesions stimulating recombination. Recently, Norm & Bernstein 0977) showed that nitrous acid-induced lethal lesions in phage T4 are effectively overcome by a multiplicity reactivation (MR) process which depends on the functions of genes 32, 46, 47, x and y. Since these gene functions are also required for spontaneous recombination, their results suggested that MR of nitrous acid-induced lesions occurs by a recombinational repair process. The fact that nitrous acid-stimulated recombination also depends on genes 46 and 47 (Fig. I a and b) suggests that this stimulation may be a reflection of MR repair.
It is speculated that in general (for other organisms, as well as phage T4), when a stimulation of recombination is observed in response to an agent that causes lesions in DNA, this stimulation may reflect the occurrence of recombinational repair. This work was supported by NSF grant PCM77-I4971 to Drs Harris and Carol Bernstein, whom I wish to thank for their guidance and assistance in the preparation of this manuscript 
